The local air movement is typically generated by cooling fans (e.g., ceiling fan, 
INTRODUCTION
In a warm environment, elevated air movement is a widely used strategy for cooling occupants. The air movement increase can be produced by several devices, such as cooling fans (ceiling, floor standing, tower, and table fans); furniture-installed personalized ventilation; and body-attached ventilation devices with, under certain conditions, operable windows. The underfloor air distribution system, which is one of the total volume ventilation principles used in practice, also allows for increase or decrease of the velocity close to workplaces. The cooling capacity of cooling fans is limited, because they operate under isothermal conditions (i.e., the cooling of the body is a result of increased velocity only). The use of cooling fans in practice is easy and does not require special installations. The personalized ventilation systems (Melikov 2004 ) and the task-ambient conditioning systems (Arens et al. 1991; Bauman et al. 1998) perform better with regard to thermal comfort, since they may operate under nonisothermal conditions (i.e., the supplied air can be cooled below the room air temperature in addition to elevated velocity). Appearance, power consumption, and price are the main parameters considered when purchasing cooling fans, while cooling capacity and efficiency of energy use are unknown. Other factors, such as ergonomics, control options, etc. are also important. Comparison of the performance of cooling fans from the point of view of cooling capacity and energy consumption is important for their application in practice.
According to the international standards on thermal comfort (ASHRAE 2004; ISO 2005; CEN 2007 ) elevated air speed can offset the indoor temperature rise and provide occupants with thermal comfort. This can be better achieved by providing occupants with the opportunity to individually control locally applied air movement (i.e., air speed). A relationship between the air speed and the upper operative temperature limits is included in the present standards in graphical form. The body surface area exposed to the air movement and uniformity of the velocity field is also important for the heat exchange between the body and the environment. This, however, is not discussed in the standards.
It has been suggested (Sekhar 1995; Olesen and Brager 2004; Aynsley 2005 ) that a set high room temperature and cooling of the body by elevated air movement lead to substantial energy savings. Schiavon and Melikov (2008) , by means of energy simulations, found that the required power input of the fan is to energy savings. The results obtained for the boundary conditions of their study reveal that traditional cooling devices, such as ceiling, standing, tower, and desk fans, may consume more electrical energy than is saved by not using a traditional HVAC system. Thus, knowledge as to how efficiently fans of different types use electrical energy to cool occupants is needed to justify the strategy of elevating the room temperature at increased air movement.
In this paper, a cooling-fan efficiency (CFE) index is introduced that relates the cooling effect of fans generating local air movement in the vicinity of occupants to their energy consumption. Experiments with different cooling fans are performed to validate the usefulness of the index.
COOLING-FAN EFFICIENCY INDEX
The efficiency is the ratio of the output to the input. It can be improved by reducing input and/or improving output. In the case of fans, which are used to cool people in warm environments by increasing the air velocity around the human body, the input is the electrical energy needed to run the fan (the power requirement of a fan is almost constant, and it can be used instead of energy to make the input variable time independent), and the output is the body cooling effect.
The body cooling effect produced by a fan depends on generated air velocity and turbulence field, body area exposed to moving air, body posture, air and mean radiant temperature, air humidity, clothing insulation, metabolic rate, humidity, and skin wettedness. Sophisticated thermal manikins with full body size and a complex shape were developed and used to determine the dry-heat loss from the human body under different environmental conditions (Tanabe et al. 1994; Tsuzuki et al. 1999; Melikov et al. 2002) . A manikin's body is typically divided into several segments. They can be operated to maintain constant heat flux from the body, constant body surface temperature, or to have surface temperature equal to the skin temperature of an average person in a state of thermal comfort under the particular environmental condition of the exposure. Thermal manikins can be used to measure the fan cooling effect and, thus, to determine the CFE index. Thermal manikins that can measure dry-heat loss from the human body are commonly used today, though sweating thermal manikins are under development as well (Psikuta et al. 2008) . Therefore, at this stage, dry-heat loss from the human body can be used to determine the CFE. In the future, more precise or effective ways of measuring the cooling effect may be developed and used instead of thermal manikins. Clothing thermal insulation and metabolic rate (personal factors that may vary substantially in real life) can be assumed to be constant, while air humidity and skin wettedness are not taken into account. The equivalent temperature (t eq ) is a well-known parameter that can be used to determine the CFE index. The equivalent temperature (formerly equivalent homogenous temperature) is defined as "The uniform temperature of the imaginary enclosure with air velocity equal to zero in which a person will exchange the same dry heat by radiation and convection as in the actual non-uniform environment" (SAE 1993; ISO 2004) . In the definition, it is assumed that the body posture, the activity level, and the clothing design and thermal insulation are the same in both environments. The equivalent temperature is a pure physical quantity that integrates the independent effects of convection and radiation on human body heat loss in a physically sound way. The equivalent temperature t eq does not take into account human perception and sensation or other subjective aspects, but may correlate with them. It is important to notice that t eq is not a temperature that can be measured by a thermometer and that t eq cannot be translated to an air temperature in a complex climate (Bohm et al. 1999) . The body cooling effect achieved by air movement can be quantified by the change in whole-body manikin-based equivalent temperature t eq from the reference condition t eq * (similar indoor environmental conditions but without air movement) (i.e., Δt eq = t eq -t eq *). The concept of Δt eq already has been used by several authors to quantify the whole-body cooling effect of air movement (Tanabe et al. 1994; Tsuzuki et al. 1999; Melikov et al. 2002; Watanabe et al. 2005; Sun et al. 2007 ). Thus, the CFE is defined by Equation 1.
(1) where P f = input power of the fan, defined according to CEN (2003) Δt eq = whole-body cooling effect
The measuring unit of CFE is °C/W (°F/W). Δt eq usually would be negative (the equivalent temperature of the body cooled by a fan would be lower that the temperature without the fan). To ease interpretation of the index, the ratio between the cooling effect and the fan power is multiplied by -1 (Equation 1). The higher the CFE index is, the better the fan performance. Figure 1 shows the CFE as a function of the fan power calculated at cooling effect Δt eq of -0.5°C, -1°C, -2°C, -3°C, and -4°C (-0.9°F, -1.8°F, -3.6°F, and -7.2°F). It has been reported
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Figure 1. CFE versus fan power for five cooling effect levels.
that a cooling effect of -4°C (-7.2°F), obtained by local body cooling, can be acceptable for people (Watanabe et al. 2005 (Watanabe et al. , 2009 ). An Internet survey showed that the typical power consumption of cooling fans is lower than 90 W. The results in the figure show that at constant cooling effect the CFE increases with the decrease of the fan power (i.e., fans with different power may have the same cooling effect). The results also show that fans with the same fan power may have a different cooling effect due to differences in the generated flow (e.g., different target area, velocity, and turbulence field, etc).
Knowing the CFE and its cooling effect (Δt eq ) helps customers to purchase more efficient fans, fan designers/manufacturers to assess and develop better products, and policymakers to fix minimum values or classes of fan efficiency as is usually done with other electrical appliances (e.g., air-conditioner, refrigerators, boilers, etc.). HVAC designers may be helped in choosing the summer maximum allowed room temperature, depending on the cooling capacity of the fan, and to evaluate the possibility for energy savings based on the strategy of increased air movement at elevated room air temperature.
EVALUATION OF THE CFE INDEX OF COOLING FANS
The usefulness of the introduced CFE for comparison of cooling fans was demonstrated. Experiments were performed with four fans available on the market, including a ceiling fan (CF), a desk fan (DF), a standing fan (SF), and a tower fan (TF). The index of the cooling fans was determined and compared.
Method
Experimental Facilities. The fans used in this study and purchased for the purpose of these experiments are described in Table 1 . The rotation speeds of the fans (velocity of the generated flow is expected to increase with the rotation speed) are defined by the manufacturers and can be varied in steps. The DF and SF have two speed levels, and the CF and TF have three speed levels. Experiments were performed in a real office room Figure 2) , and a desk was placed in the center of the office.
Measuring Instruments. A thermal manikin was used to simulate an occupant and to evaluate the cooling effect of the fans. The thermal manikin is 1.68 m (5.51 ft) tall and shaped as an average-size Scandinavian woman. The total area of the manikin is 1.48 m 2 (15.93 ft 2 ). The body of the manikin consists of 23 independently controlled segments (see Appendix A) manufactured as polystyrene shells wound with embedded nickel wire, which serves to heat the body parts and to monitor the skin temperature. Low-voltage power is pulsed to each segment at a rate needed to keep the surface temperature of the manikin equal to the skin temperature of an average person in a state of thermal comfort. The power consumption under steady-state conditions is then a measure of the convection, radiation and conduction heat losses (dry-heat loss). For each body segment, the segmental equivalent temperature t eq,i can be calculated using the following equation: 
where tsk,i is surface temperature measured for the i-th segment, Q t,i is sensible heat loss (power consumption) of the i-th segment, and h cal,i is dry-heat transfer coefficient determined during calibration of the manikin in a standard environment. The determination of the t eq is described in Appendix A. The t eq for the whole body is obtained by computing the area-weighted average over all the body segments (see Appendix A).
A multichannel low-velocity thermal anemometer with omnidirectional velocity transducers was used to perform mean velocity, turbulence intensity, and air temperature measurements at several points in the room. The characteristics of the anemometer comply with the requirements for such instruments specified in the standards (ISO 1998; ASHRAE 2005) . The room air temperature was measured also with a mercury thermometer. The relative humidity (RH) was monitored but not controlled. The resolution of the used hygrometer was 0.1% RH. The fan power input was measured with a powermeter.
Experimental Conditions. The performance of the four fans was studied at three room air temperature levels: t a = 25°C, 27°C, and 30°C (77°F, 80.6°F, and 86°F). Two speed levels for the DF and SF and three speed levels for the CF and TF were explored. Measurements were also performed in a still environment without a fan. The experiments were run in a randomized sequence in order to protect the results against uncontrolled and/or unknown influences of variables that are not part of the experiments (Barrentine 1999) . Throughout the experiments, the room temperature and RH vary within the ranges reported in Table 2 .
The experimental setup and the location of the fans is shown in Figure 2 . The CF was installed in the center of the room. The distance between the suspended ceiling and the blades was 0.25 m (0.82 ft), and between the blades and the floor it was 2.75 m (9.02 ft). The DF was located in front of the manikin on the table on the left side of the laptop at a distance of 0.66 m (26 in.) (three times its diameter) from the manikin. The SF was located on the left side of the manikin at a distance of 1.17 m (46 in.) (three times its diameter) distance. The TF was located on the left side of the manikin at a distance of 1.35 m (53 in.) (three times the diagonal of its opening). The thermal manikin was dressed with a long-sleeved shirt, thin long trousers, panties, ankle socks, and shoes. This typical summer office clothing was equal to 0.47 clo. The manikin was seated upright on an office chair (0.15 clo).
Experimental Procedure. The surface temperature t sk,i and the power consumption Q t,i were recorded for ten minutes after steady-state conditions were obtained (i.e., when the difference in the average surface temperature of the manikin during the last ten minutes was less than 0.05°C [0.09°F]). The fan power was manually recorded while logging the manikin data. The manikin was then moved from the desk, and the mean air velocity and the turbulence were measured at its location at four heights (0.2, 0.6, 1.1, and 1.7 m) (8, 24, 43, and 67 in.) . Three-minute velocity measurements were performed as recommended in the indoor climate standards.
Measurements Uncertainty. The description of the uncertainties of the measured and derived quantities is reported in Appendix B. Statistical Analysis. T-tests were performed to determine whether the obtained results were statistically different. A paired sample t-test was applied when testing the same sample for different levels of treatment. A two-sample t-test was applied when different samples were compared (equality/inequality of variance was tested with F-test). The tests were performed using S-Plus (Insightful 2007) . P-values less than 5% (p < 0.05) were considered to be statistically significant.
Results
The cooling effect Δt eq , fan power P f , and CFE were obtained for each of the four fans under the experimental conditions studied (see Table C1 in Appendix C). The results identify a large variation in the whole-body cooling effect (between -3.2°C and -0.4°C [-5.76°F and -0 The TF is the least-efficient cooling device. The significance in the differences in the average CFE for the four types of fan were statistically evaluated by a two-sample t-test assuming unequal variance. The result are plotted in Figure 4 . The efficiency of the DF is significantly (p < 0.01) higher than the CFE of the remaining three fans. No significant difference in efficiency of these three fans was found (except that the CFE of the SF is higher than the CFE of the TF).
The influence of the room air temperature on the CFE was analyzed. The average of the CFE index obtained with the four fans at the tested velocities was calculated for each of the room air temperatures. The results are compared in Figure 5 . From a heat-transfer point of view, the room air temperature has an influence on the cooling effect and, thus, should have an influence on the CFE index. A paired sample t-test was used to identify whether the difference in the mean between each temperature level is significant. A paired test hypothesis is valid, because the same sample has been tested at different temperature levels. The results of the t-test are plotted in Figure 5 . Significant differences in the average were found between all tested averaged CFEs. The results reported in Table C1 (see Appendix C) reveal that the room air temperature has no effect on the power consumption of the fan.
Cooling Effect. As expected, the cooling effect of the fans varied when the room air temperature and the speed changed (Table C1 , Appendix C). For the tested conditions, the cooling effect of the CF varied between -3°C and -0.5°C (-5.4°F and -0.9°F), of the DF between -3°C and -1.5°C (-5.4°F and -2.7°F), of the SF between -2.5°C and -1.5°C (-4.5°F and -2.7°F), and of the TF between -2.5°C and 0.5°C (-4.5°F and -0.9°F). The cooling effect of the SF was least affected by the change in the experimental conditions.
The influence of the room air temperature on the cooling effect was analyzed. The average of the cooling effect obtained with the four fans at the tested velocities was calculated for each of the room air temperatures. The results are compared in Figure 6 . The significance of the difference in the cooling obtained at different temperature was analyzed by a paired sample t-test. As expected, the cooling effect decreased significantly (p < 0.01) with the increase of the room air temperature.
The whole-body cooling effect (Δt eq ), discussed previously and reported in Appendix C, is the weighted average of the cooling effect of each body segment. The cooling of the body segments depends on the local flow field generated by the fans. Analyses of the local cooling effect obtained by the tested fans for each body segment were performed. In the following only, the results obtained at a room air temperature of 25°C (77°F) are shown and discussed, because the conclusions were rather similar to the results obtained at 27°C (80.6°F) and 30°C (86°F). The local cooling effect of the four fans on each of the 22 body segments of the manikin is shown in Figure 7 . The DF and SF had two speed levels, while the CF and TF had three levels. The cooling effect increases with the increase of the speed level. However, the exposure to the airflow has a much stronger effect. The body segments exposed directly to the flow are cooled much more than for those in shadow. The impact of the speed level on the cooling effect is greater for the exposed body segments than the segments in shadow. The cooling effect of the CF is quite symmetrical. The body segments that are exposed to the air movement generated by the fan (left and right front thigh, left and right face, back of the neck, right hand, left and right forearm, left and right chest) are cooler than the rest of the body. The air movement Step-change control of the fan velocity is possible. The Δt eq,i was calculated for the different speed levels reported in Table 1 . generated by the ceiling fan runs over the manikin from top-front. The desk fan provides a nonuniform cooling effect on the body. The airflow generated by the fan attacks the manikin's body from the left (the fan is located only 0.66 m [26 in.] from the manikin). The coolest segments are those exposed to the flow generated by the fan (i.e., skull, left and right face, back of neck, left chest, left upper arm, and left forearm. The local cooling provided by the SF has a pattern rather similar to the cooling provided by the DF. Similarly, the SF generates a nonuniform cooling effect. The rotation axis of the SF is located at 1.1 m (43 in.) above the floor (i.e., the highest velocities are generated at the manikin's head level). Therefore, the coolest parts are the left and right face, the skull, and the back of the neck. The lower segments of the manikin are slightly warmer with the SF in operation than in the reference case without fan (up to 1°C [1.8°F] warmer). The uncertainty in determining the cooling effect (estimated to be 0.3°C [0.54°F]; see Appendix B) alone cannot explain the difference. Complex airflow interaction in the vicinity of the body may be the reason. This needs to be further studied. The tower fan generated a uniform cooling effect. The coolest parts are those on the lower left (i.e., the left front thigh, the pelvis, and the lower back). The cooling effect of the head is almost negligible. Figure 8 were obtained by averaging over the same segments (i.e., the same surface area). Averaging over different number of segments (i.e., different surface area will lead to different cooling effect). The cooling effect of the ceiling fan was the most uniform. The difference in the whole-body cooling effect for the four types of fans is less than 2°C (3.6°F). The cooling effect of the upper body parts is always higher than the cooling effect of the head and the whole body. The DF and SF generate the largest nonuniformity in the local cooling effect. The head and the upper body parts are substantially cooler than the whole body. The head is much cooler than the reference condition (11°C [19.8°F] In Figure 9 , the whole-body cooling effect determined is plotted versus the fan power measured. The relative uncertainties are shown. The whole-body cooling effect of the desk fan and the ceiling fan (speed level 2 and 3) is almost the same (around -2.5°C [-4 .5°F]). However, the desk fan needs less than half of the electrical power used by the ceiling fan (around 20 W compared to 40 W). The DF and CF have a higher cooling effect than the TF and the SF. The SF has the lowest cooling effect, lower than -2°C (-3.6°F), with a fan power that varies in the range 35-40 W. For the TF, an increase of the speed level implies a slight reduction of the cooling effect with an increase of the needed power. Increase in speed level always implies an increase in power requirement, but this does not always cause a higher cooling effect. In fact, except for the CF, the increase of the cooling effect due to increase of the rotation speed is always lower than the measurement uncertainty. The cooling effect of the CF increased dramatically when the lowest speed level was changed to the second speed level. In this case, the power consumption was not very different. The reason may be due to the fluid dynamics characteristics of the fan (i.e., to the relation between the rotation speed and the generated flow). In Figure 9 , only the results obtained when the room temperature was equal to 25°C (77°C) are reported. The same substantial increase in the cooling effect caused by the ceiling fan when the speed level was changed from level one to level two was also recorded when the room temperature was equal to 27°C and 30°C (80.6°F and 86°F) . From the results shown in Figure 9 , it can be concluded that, generally, changing the speed level is not an effective way of controlling the cooling effect.
The air velocities measured at 0.2, 0.6, 1.1, and 1.7 m (8, 24, 43, and 67 in.) height above the floor with the CF and the TF are shown in Figure 10a , and with the DF and the SF in Figure 10b . The air velocity was measured with a low velocity thermal anemometer described in the "Measuring Instruments" section above; the accuracy of the instrument is reported in Appendix B. The importance of reporting the air velocities is discussed later in the paper. The air velocity field generated by the four fans is different. The CF generates downward airflow from the ceiling to the floor. The highest velocity (2.2 m/s [433 fpm]) is measured at the floor level. Therefore, it may be expected that the generated flow will cool mostly the lower part of the manikin (legs and feet). This, however, is not seen from the results of the segmental cooling effect, because the air velocity was measured while the manikin was moved away from the desk. Furthermore, the manikin was seated in front of the desk with its legs under the table far from the location of the velocity measurement. The blocking effect of the manikin's body and the interaction between the fan flow and the thermal plume generated by the thermal manikin may have had an impact on the cooling of the body segments. The TF also causes air movement mainly in the lower part of the room. The highest velocity (3.2 m/s [630 fpm]) was measured at the flow level.
The DF and the SFs generated similar air velocity profiles. In both cases, the maximum air velocity 
DISCUSSION
Elevated air speed is widely used to provide comfort for occupants in warm environments. Cooling fans (e.g., ceiling fans, desk fans, etc.) are used to generate air movement. It is accepted that energy savings can be achieved with this strategy as opposed to air-conditioning the whole building. Due to different design, installation, and use, the performance of cooling fans with regard to their cooling effect can differ greatly. As the results of the present study show, at the same cooling effect, the power consumption of different fans can be nonuniform. The CFE index introduced in the present study makes it possible for the first time to evaluate and compare cooling fans. This index, in a single value, combines fan performance with regard to cooling effect and energy use. The experiments performed with four cooling fans of different designs available on the market (i.e., ceiling [CF] , desk [DF] , tower [TF] , and floor standing fans [SF] ) document that the CFE index is sensitive to identifying differences in the performance of the cooling devices. The body cooling effects caused by the fans differed. The CF and DF had a rather similar cooling effect, which was substantially higher than the cooling effect of the SF and TF. However, the electrical power used by the DF was twice as low as that used by the CF; the DF, therefore, had a significantly higher CFE index than the remaining three fans. The index can be used by HVAC engineers and policymakers, as well as for classifying fans according to their performance.
As already discussed, elevated air speed under individual control is recommended in the present indoor climate standards (ASHRAE 2004; ISO 2005; CEN 2007 ) for providing occupants with thermal comfort in warm environments. A relationship between the air speed and the upper operative temperature limits is provided in the standards. The recommended speed increase depends not only on the air temperature but also on the difference between mean radiant temperature and air temperature (t a ). When the mean radiant temperature is lower than the air temperature, elevated air speed is less effective for increasing the heat loss from the body. Conversely, elevated air velocity is more effective for increasing the body heat loss when the mean radiant temperature is higher than the air temperature. The relationship included in the standards is based on a theoretical calculation of the body cooling when it is exposed to uniform airflow. The relationship has been verified in human subject experiments performed under laboratory conditions when the air temperature is equal to the mean radiant temperature (Toftum et al. 2003) . However, the validity of the relationship is not easily applicable when cooling fans are applied, because, as the present results reveal, body cooling by such fans is nonuniform due to large nonuniformity in the generated velocity field. The velocity field and its direction cannot be described with a single value. Therefore, it is not clear how to apply in practice the recommendations in the standards. Other methods for quantification of the cooling effect of air movement have been suggested as well (Szokolay 1998; Aynsley 2007) . Aynsley proposed using the SET* index (Gagge et al. 1971) , since it includes the impact of humidity and the thermal insulation of clothing, which are not considered in the relationship for elevated velocity included in the present standards. This method is included in Addendum f of ASHRAE Standard 55 (2004) . This approach has the same limitation, namely that there is no unique velocity that can describe the complex air velocity field generated by cooling fans. This is demonstrated with the following example based on the data collected in the present study. The air velocity values of the four tested fans, measured at mean radiant and air temperatures equal to 27°C (80.6°F) and the lowest fan speed level, were used to calculate the SET* index. The measured RH was equal to 26%, the clothing thermal insulation of the manikin was 0.62 clo (including the thermal insulation of the chair) and the activity level was 1.1 met. The results of the calculations are listed in Table 3 and plotted in Figure 11 . The SET* calculations were performed with ASHRAE Thermal Comfort Tool (Fountain and Huizenga 1997) . From the results listed in Table 3 , it can be seen that SET* depends on the used air velocity. This is an important point, because the new addendum of ASHRAE Standard 55 does not specify which velocity should be used. In Figure 11 Figure 11 show substantial differences in the cooling effect calculated by SET* based on the above defined velocities. The measured cooling effect with the thermal manikin is also very different and is not correlated with any of the defined velocities used for calculation. For each of the tested cooling fans, the difference in the cooling effect defined with the SET* values calculated with the maximum velocity, average velocity, and velocity measured at 0.6 m (24 in.) and 1.1 m (43 in.) are comparable with the entire range of elevated room temperatures recommended in the present standards. In a nonuniform air velocity field, as it occurs in practice, the approach recommended in the present standards, as well as the SET*, cannot be applied. This issue needs to be carefully considered and addressed in the standards.
The DF was found to have the highest efficiency index of the four tested fans (Figures 3 and 4 ; Table C1 , Appendix C). The whole-body cooling effect of this fan was largest. The nonuniformity of the local cooling effect of this fan was also greatest, with the head region being mostly assessing the performance of cooling fans, because the head is an active heat dissipater, and in warm environments the whole-body thermal sensation follows the head region thermal sensation closely (Melikov et al. 1994a (Melikov et al. , 1994b Arens et al. 2006; Watanabe et al. 2009) . Thus, at the same efficiency, the performance of the fan that provides greater cooling of the head may be considered to be better. However, these selection criteria may fail to be correct in practice, because human response to airflow from the front and from the back is different (Mayer and Schwab 1988; Toftum et al. 1997) .
In this study, the cooling effect of air movement was quantified by measuring the dry-heat loss. The evaporative heat loss was not taken into account, because the thermal manikin used cannot sweat. Several studies have used dry-heat loss measured by a thermal manikin to quantify the cooling effects of air movement on the human body. Tsuzuki et al. (1999) studied the performance of three designs of task ambient air-conditioning systems and found that the cooling effect of the combined evaporative and sensible cooling may double the total whole-body cooling rate due to dry-heat loss alone when 20% of the surface was wet. The cooling effect of the evaporative heat loss increases with the increase of the room temperature. In the future, the determination of fan efficiency can be made more accurately by sweating thermal manikins. The sweat glands are not uniformly distributed over the human body. Therefore, use of the thermal manikins available today, with simulated sweat glands on the surface areas corresponding to the site of the human skin where they are most dense, can be considered. A considerable number of studies focused on the use of fans to cool people in a warm environment (McIntyre 1978; Rohles et al. 1983; Jones et al. 1986; Tanabe and Kimura 1987; Scheatzle et al. 1989; Bauman et al. 1993; Melikov et al. 1994a Melikov et al. , 1994b Fountain et al. 1994; Arens et al. 1998; Szokolay 1998; Tsuzuki et al. 1999; Khedari et al. 2000; Hayashi et al. 2004; Sekhar et al. 2005; Aynsley 2005 and Atthajariyakul and Lertsatittanakorn 2008; Sun et al. 2007 and Watanabe et al. 2009 ). Only in one study was the fan power reported (Sun et al 2008) . The power consumption of cooling fans is considered negligible (usually less then 90 W) and, therefore, it is not reported. However, as already discussed, it was demonstrated that the required power input of cooling fans is a critical factor for an energy-saving strategy used in warm environments (Schiavon and Melikov 2008) . Based on comprehensive simulations as well as on defined outdoor conditions and building characteristics, it has been shown that in some buildings the use of cooling fans with power input of more than 20 W actually increases the energy consumption compared to that needed to cool the whole building. For the same cooling effect, the power input of the DF tested in the present study was 16-20 W (i.e., twice as low as the power input of the CF [~40 W]) and, therefore, its CFE index was twice as high. Nevertheless, one should be cautious when recommending the use of the DF instead of the CF. The CF may provide cooling to several occupants, while the DF provides cooling to only one occupant. Individual control with a CF is difficult to achieve in practice when it aims to provide cooling to several occupants who may have different preferences with regard to the air movement. The development of desk fans with a strong cooling capacity and low energy consumption of a few watts, as for example the fans used by Watanabe et al. (2009 ), Sun et al. (2008 , and Schiavon and Melikov (2009) , is recommended.
The convection heat loss from the body with cooling fans is mainly based on the velocity and the turbulence intensity of the generated flow. As discussed, the fans tested in the present study generated a nonuniform flow. The velocity distribution at the location of the thermal manikin was rather different as well. The CF and TF generated flow with the highest velocity near the floor, up to 0.6 m (24 in.) above the floor, while the highest velocity generated by the DF and the SF was measured at the head region. The indoor climate standards recommend individual control of the airflow at elevated velocity. Speed control at two or three levels was provided for the fans tested. The control, however, affected the flow mostly in the high-velocity region (i.e., near the floor for the CF and the TF and at the head region for the DF and the SF) and, therefore, resulted mainly in an increase of the local cooling of the body segments exposed to the flow and affected only slightly the whole-body cooling (Figure 8 ). In this respect, the layout, furniture arrangement, etc. were also factors affecting the local air distribution around the manikin's body.
The used thermal manikin with 23 body segments was able to capture the differences in the local cooling caused by the tested fans generating velocity fields with different nonuniformity. In nonuniform airflow, the local cooling effect depends on the area of the exposed segment. A thermal manikin with only a few segments (large segmental area) may not be able to capture clearly the differences in the performance of fans generating flows with different velocity and turbulence intensity filed. This and other factors affecting the determination of the equivalent temperature discussed by Bohm et al. (1999) should be carefully considered when fan performance is studied.
The CFE index of the four cooling fans was determined under well-defined conditions, based on assumptions of their use in practice in order to verify the sensitivity of the proposed CFE index. The clothing thermal insulation and its distribution over the manikin's body (naked/covered body area ratio), the relative distance and direction between the fan and the manikin, the location of the furniture, the metabolic rate, the mean radiant and air temperatures, and manikin's body posture were not changed, and the latent heat loss was not simulated. Different results would be obtained if one or more of these and other parameters, such as fan size and design, clothing design, air humidity, sweat rate, uniformity of thermal room environment, room boundary conditions, etc., were changed. The influence of these parameters was not quantified in this research, but it should be studied in the future. In order to apply the index in practice, a standard procedure for determining the index should be developed. Other factors should also be considered, such as common location; use of tested fan in practice; number of occupants who can benefit from one cooling fan; maximum nonuniformity of body cooling that is acceptable to the occupants; maximum velocity limitations to avoid blowing of paper; and nonthermal discomfort, such as eye blinking, etc. A standard method for testing fan cooling effect and an index for determining fan efficiency, such as the CFE index proposed in this study, need to be developed and used to allow designers and buyers to make the optimal selection for each practical application.
CONCLUSION
The need to evaluate the cooling effect and the cooling efficiency of fans applied to providethermal comfort in warm environment was highlighted. A new index, the cooling-fan efficiency (CFE) index, defined as the ratio between the cooling effect of the used device and its power consumption was introduced for evaluation of the performance of cooling fans.
The measurements performed with a ceiling fan, desk fan, standing fan, and tower fan in a real office at three room air temperatures and different fan speed levels revealed that the index is sensitive enough to identify differences in the performance of the cooling devices. The results identify a large variation in the whole-body cooling effect (between -3.2°C and -0. A standard method for testing fan cooling effect and an index for determining fan efficiency, such as the CFE index proposed in this study, need to be developed and used.
The cooling fans generate a nonuniform speed field around occupants that cannot be described with a single value. This makes the recommendation in the present thermal comfort standards for elevated velocity in warm environments difficult to use in practice. The present thermal comfort standards need to be revised to better address the issue of thermal comfort in warm environments. 
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APPENDIX A
The body of the thermal manikin consists of 23 independently controlled segments. The thermal manikin measures the power consumption or heat loss Q t (in W/m 2 ) and the surface temperature t sk (in °C). The dry-heat transfer coefficient due to free convection h cal,i for each body segment and for the whole body were obtained from calibration of the manikin in an indoor environmental chamber with a uniform thermal environment (i.e., air temperature equal to the mean radiant temperature and air velocity lower than 0.06 m/s [12 fpm]). Under these conditions, the room air temperature is equal to the equivalent temperature (defined by Equation 2). The heat loss and surface temperature of the manikin change when measurements are performed in a nonuniform environment with different radiant temperature and increased velocity in comparison with the uniform environment of calibration. The control of the manikin keeps its surface temperature equal to the skin temperature of an average person in a state of thermal comfort (Tanabe et al. 1994 ). Knowing surface temperature, power consumption, and heat transfer coefficient, the equivalent temperature of uniform environment, which causes the same heat loss from the body, is calculated. The calibration was performed at three air temperatures, 24°C, 27°C, and 31°C (75.2°C, 80.6°C, and 87.8°F). The results listed in Table A2 show that h cal,i was different for the body segments of the manikin, and for most of them it did not change substantially for the calibration temperature range. During these experiments the left hand of the manikin was broken and, therefore, is not included in the measurements and the calculations. During the calibration, the manikins' clothing and posture were as in the experiments. The names and the body surface areas of the manikin's body segments are listed in Table A1 .
APPENDIX B
Uncertainty of the Measurement
The data were analyzed in accordance with the ISO guideline (1993) for the expression of uncertainty. The sample standard uncertainty U was calculated as the combination of the maximum uncertainty of measurement (random error) U meas and the uncertainty of the instrument (calibration) U instr . Table B1 summarizes the typical values of absolute uncertainty based on the analyses of measurements. The values are given for each uncertainty component together with the sample uncertainty U and the uncertainty of a derived quantity U c . The instrument uncertainty U instr was the strongest component in the case of manikin-based equivalent temperature and air temperature. The uncertainty of process stability was the strongest component in the case of fan power. When presented, the uncertainty is indicated by means of error bars. The level of confidence is 95% (coverage factor of 2). The thermal anemometer was carefully calibrated before the measurements. Detail uncertainty analyses of this type of anemometer are reported by Melikov et al. (2007) .
APPENDIX C
The measured cooling effect and fan power and the determined CFE index for the experimental conditions tested is shown in Table C1 . 
